Retrotransposons and retroviruses integrate nonrandomly into eukaryotic genomes. For the yeast retrotransposon Ty5, integration preferentially occurs within domains of heterochromatin. Targeting to these locations is determined by interactions between an amino acid sequence motif at the C terminus of Ty5 integrase (IN) called the targeting domain, and the heterochromatin protein Sir4p. Here we show that new Ty5 integration hot spots are created when Sir4p is tethered to ectopic DNA sites. Targeting to sites of tethered Sir4p is abrogated by single amino acid substitutions in either IN or Sir4p that prevent their interaction. Ty5 target specificity can be altered by replacing the IN-targeting domain with other peptide motifs that interact with known protein partners. Integration occurs at high efficiency and in close proximity to DNA sites where the protein partners are tethered. These findings define a mechanism by which retrotransposons shape their host genomes and suggest ways in which retroviral integration can be controlled.
R etroviruses and retrotransposons integrate their cDNA into host genomes using retroelement-encoded integrase (IN).
Integration is essential for retroviral proliferation and has significantly shaped eukaryotic genome organization. For example, endogenous retroviruses and retrotransposons constitute over one-half of the genomes of human and some plant species such as maize (1, 2) . Retroelement insertions are not randomly distributed within genomes, and they are often enriched in heterochromatin or other gene-poor regions. This distribution may be due, in part, to selection against integration within gene-rich euchromatin. Alternatively, retroelements may actively select targets such as heterochromatin where insertion will not compromise host fitness (3, 4) .
Integration site choice is clearly the rule for the well studied Ty elements of Saccharomyces cerevisiae. Ty1 and Ty3 both integrate preferentially upstream of genes transcribed by RNA polymerase III (Pol III; e.g., tRNA genes), which are harmless sites because they are gene-poor and integration does not disrupt Pol III transcription (5, 6) . The precision of integration, however, differs for these two yeast retroelements. Ty3 typically integrates within 1-2 bases of Pol III transcription start sites, whereas Ty1 inserts within a 750-bp window upstream of target genes. Pol III complexes are required for both Ty1 and Ty3 integration specificity, and for Ty3, transcription factor (TF)IIIB is the major determinant of target choice (7) (8) (9) (10) . This suggests that target sites are selected through interactions between Ty1 and Ty3 integration complexes and the Pol III transcription machinery.
In contrast to Ty1 and Ty3 and like many other eukaryotic retrotransposons, Ty5 insertions are found within heterochromatic regions of the yeast genome (11) . This distribution is due to target site selection because 95% of de novo Ty5 transposition events occur within heterochromatin found at yeast telomeres and the silent mating loci (HML and HMR) (12, 13) . Several lines of evidence suggest that the heterochromatin protein Sir4p is the major determinant of Ty5 integration specificity (14, 15) . A 6-aa motif at the C terminus of Ty5 IN (the targeting domain; TD) interacts with Sir4p (15) , and mutations in the TD that abrogate Sir4p interactions randomize Ty5 integration patterns (15, 16) . Similarly, Ty5 integrates randomly in strains that lack Sir4p (14) .
A recent study (17) revealed that HIV integration occurs preferentially at sites of active transcription. Furthermore, HIV IN interacts with Ini1, a homolog of the yeast transcriptional activator Snf5p (18) . These observations, coupled with the data for the Ty retrotransposons, suggest a general model wherein interactions between IN and DNA-bound proteins mediate retroelement target choice. By further defining the determinants of Ty5 integration specificity and by engineering Ty5 elements with altered target site preference, we demonstrate that this model describes the mechanism by which Ty5 selects integration sites.
Methods
Plasmid Constructs. DNA fragments encoding various regions of the Sir4p C terminus (SIR4C) were amplified by the PCR (19) from plasmid pRS316-SIR4 (gift of Jasper Rine, University of California, Berkeley). The amplification products were cloned into the EcoRI-BamHI sites of the LexA-expressing vector pBTM116 (20) or a derivative with a LEU2 marker gene (pYZ275). PCR mutagenesis was used to substitute an alanine at residues 971-976 of Sir4p (19) . Additional LexA fusion constructs were generated by PCR-amplifying the FHA1 domain of Rad53p (amino acids 14-154) from yeast genomic DNA and the coding region for Npw38 from a human cDNA clone (ATCC5806979). PCR products were cloned into the EcoRI and BglII sites of pYZ275. The C terminus of Ty5 IN (amino acids 934-1131) was amplified by PCR from pNK254 (21) or a variant with the S1094L-TD mutation (16) . The amplification products were cloned into the XmaI-PstI sites of pGAD-C1 (22) to generate fusions with the Gal4p transcriptional activation domain.
The donor plasmids carry either a WT Ty5 element or one with the S1094L mutation. Both Ty5 elements are under transcriptional control of the GAL1-10 promoter and carry a his3AI selectable marker gene (23) . The 6-aa-TD of Ty5 (LDSSPP) was replaced with a motif of Rad9p (SLEVTEADATFVQ) (24) to generate Ty5-Rad9p or a motif of NpwBP (PRLLPPFPPPGR) (25) to generate Ty5-NpwBP. These modifications were made by using a two-step PCR replacement method (19) . The target plasmid was generated by inserting 3-kb and 4-kb DNA fragments from Arabidopsis into the EcoRI and SacI sites of pRS424 (26) , which was modified to carry a Chl r gene. One to four copies of overlapping, double LexA operators (20) were inserted into the BamHI site.
plasmid, and a plasmid expressing a LexA fusion protein. Yeast cells were grown as patches on synthetic complete media lacking tryptophan, leucine, and uracil (SC-T-L-U) and incubated at 30°C for 2 days. The cells were then replica plated onto the same selective media supplemented with 2% galactose and incubated at room temperature for 2 days. Finally, the cells were replica plated onto synthetic complete media that lacked histidine (SC-T-L-U-H) and incubated at 30°C for 3 days. Cells were scraped from the plates and washed twice with water, and total DNA was prepared (19) . The DNA was used to transform competent Escherichia coli cells with a hisB mutation (strain eDW335, D. A. Wright and D.F.V., unpublished data). After transformation, the E. coli cells were incubated in rich media at 37°C for 3 h and washed twice with water to remove the residual histidine. One-tenth of the cells were plated onto rich media with 20 g͞l chloramphenicol and nine-tenths were plated on M9 minimal media lacking histidine and supplemented with 20 g͞l chloramphenicol. The plates were incubated at 37°C for 1-3 days before counting the colonies.
The two-hybrid assays used strain L40 (27) or its sir derivatives that express LexA-SIR4C and Gal4p transcriptional activation domain-IN C terminus (GAD-INC) fusion proteins. A single colony was inoculated into 2 ml of SC-T-L liquid media and grown at 30°C for 24 h. The yeast cells were spotted (10-fold serial dilutions) onto solid SC-T-L-H media that was supplemented with 1-5 mM 3-amino 1,2,4-triazol (3-AT). As controls, cells were also spotted onto SC-T-L media. Plates were incubated at 30°C for 3-4 days before being imaged to record their growth.
Results and Discussion
To test whether the interaction between Ty5 IN and Sir4p is the primary determinant of Ty5 target site choice, integration was measured at DNA sites to which Sir4p is tethered (Fig. 1A) . The Sir4p C terminus (SIR4C) (amino acids 951-1358), which interacts with Ty5 IN in two-hybrid and in vitro-binding assays (15) , was expressed as a fusion protein with the LexA DNA-binding domain (LexA-SIR4C). LexA-SIR4C was tethered to a target plasmid through LexA operators, which, in turn, were flanked by 3-4 kb of Arabidopsis DNA that serve as a landing site for Ty5 and prevent insertions from compromising plasmid function. To measure targeted integration, the plasmid was introduced into a yeast strain with a galactose-inducible Ty5 element (12) . After growth on galactose, transposition events were selected by plating cells onto media lacking histidine. Ty5 carries a his3AI marker gene, and splicing of the Ty5 mRNA removes an inactivating intron, thereby reconstituting a functional HIS3 gene upon reverse transcription and cDNA integration (28) . Total DNA was prepared from His ϩ yeast cells and used to transform a hisB E. coli strain. The HIS3 gene within Ty5 complements the E. coli hisB mutation (29) . Because the target plasmid also carries a chloramphenicol resistance gene, plasmids with Ty5 insertions confer a Chl r His LexA-SIR4C created a strong Ty5 integration hot spot when tethered to the target plasmid. With four copies of the LexA operator, Ϸ14% of the recovered target plasmids carried Ty5 insertions (Fig. 1B) . Targeting displayed a strict dependence on the number of LexA operators, suggesting that targeting efficiency is determined by the amount of SIR4C tethered to the plasmid. Ty5 insertions into the target plasmid were true integration events, as evidenced by target site duplications flanking several characterized insertions (data not shown).
Sir4p interacts with a number of proteins, including Sir2p and Sir3p, and loss of Sir proteins significantly decreases Ty5 target specificity (14) . To test whether SIR4C requires other components of yeast heterochromatin for its interaction with IN, two-hybrid interactions were measured between IN and SIR4C in the absence of Sir proteins. These assays used LexA-SIR4C and a fusion protein generated between the Ty5 INC and GAD (15) . The 6-aa-TD is located within INC and corresponds to positions 1092-1097 in the Ty5 polyprotein. The strength of the INC-SIR4C two-hybrid interaction was determined by expression of a HIS3 reporter with upstream LexA operators (27) . HIS3 expression confers growth on media without histidine and with the inhibitor 3-amino 1,2,4-triazol (3-AT). The INC-SIR4C two-hybrid interaction was not significantly affected by loss of Sir2p, Sir3p, or Sir4p ( Fig. 2A) . In addition, SIR4C interacts with fusion proteins generated between GAD and nine aa of Ty5 IN that encompass the 6-aa-TD (GAD-TD, Fig. 2B ). These results, coupled with previous in vitro-binding studies (15) , support the conclusion that INC and SIR4C interact directly through the 6-aa-TD.
To further map the region of SIR4C that interacts with INC, a series of SIR4C truncations were fused to the LexA DNAbinding domain (Fig. 2C and data not shown) . One SIR4C truncation (amino acids 982-1358) lost its ability to interact with INC (Fig. 2C ). This construct differs by only 30 amino acids from SIR4C constructs used in the previous experiments (amino acids 951-1358). A series of additional constructs were made with SIR4C N-termini corresponding to positions 961, 971, and 976. Of these, only the construct beginning at residue 976 failed to interact with INC, indicating that the region spanning residues 971-975 is critical for the INC-SIR4C interaction. To pinpoint essential residues, alanine was substituted at each of these amino acid positions. Only the W974A and R975A substitutions disrupted the two-hybrid interaction (Fig. 2D) . In no case was failure of the two-hybrid interaction due to differences in expression of the various LexA-SIR4C constructs; all were expressed at comparable levels as measured by immunoblotting experiments performed with a LexA-specific Ab (data not shown).
We tested whether the requirements for the INC-SIR4C two-hybrid interaction correlated with requirements for targeted integration. This was invariably the case. Loss of Sir proteins affected neither two-hybrid interactions nor targeting efficiency of Ty5 to sites of tethered SIR4C (Fig. 3) . When the various SIR4C derivatives were tested, only those fusion proteins that supported two-hybrid interactions created integration hot spots. For example, the construct beginning at residue 971 of Sir4p created an integration hot spot comparable to SIR4C, whereas no significant targeting was observed with the construct beginning at residue 982. Furthermore, the W974A sir4 mutation, which abrogated two-hybrid interactions, also failed to target integration. In a complementary experiment, the tethered integration assay was performed with a Ty5 element with a mutation in its TD (S1094L). This mutation randomizes genomic integration patterns and disrupts interactions with SIR4C in both two-hybrid and in vitro-binding assays (15, 16) . The Ty5 S1094L mutation also prevented integration to sites of tethered SIR4C (Fig. 3) .
Having defined the targeting determinants of IN and its interacting partner, Sir4p, we next asked whether we could engineer Ty5 elements with altered target specificity. To accomplish this, we replaced the 6-aa Ty5 TD with peptide motifs with known protein ligands. In one construct (Ty5-Rad9p), the TD was swapped with a 13-aa motif from Rad9p, which interacts with the two forkhead-associated domains of Rad53p (FHA1 and FHA2) (30, 31) . In a second construct (Ty5-NpwBP), the TD was replaced with a 12-aa, proline-rich motif from the human nuclear protein NpwBP (25) . This motif interacts with the WW domain of a second nuclear protein, Npw38. The modified INs were initially tested in two-hybrid assays with their respective protein partners, and interactions were comparable to the INC-SIR4C two-hybrid interaction (data not shown). The tethered integration assay was performed with LexA-SIR4C in the absence of Sir2p, Sir3p, and Sir4p. As with the two-hybrid assays, no effect on tethered integration was observed because of the absence of Sir proteins. Deletions or mutations in SIR4C that abrogate two-hybrid interactions (i.e., LexA-SIR4C 982-1,358, W974A) prevent tethered integration. Similarly, mutations in the Ty5 TD (S1094L) that randomize chromosomal integration patterns (15, 16) do not support integration to sites of tethered SIR4C.
Neither of the TD modifications compromised IN function, as transposition frequencies of Ty5-Rad9p and Ty5-NpwBP were comparable to those of a WT element (data not shown). Remarkably, the efficiencies with which modified elements targeted to sites of tethered LexA-FHA1 and LexA-Npw38 were comparable to the efficiency with which the WT element targeted to sites of tethered SIR4C (Fig. 4A) . Targeting required both the LexA operators and either the tethered Npw38 or the FHA1 domain. These results indicate that Ty5 target specificity can be altered and suggest that Ty5 variants with a range of integration specificity can be generated by substituting the TD with peptide aptamers that recognize different chromosomal proteins.
To characterize where Ty5 integrates on the target plasmid, 26 insertions generated by both WT Ty5 and Ty5-Rad9p were analyzed by DNA sequencing (Fig. 4 B and C) . All 26 insertions occurred within 120 bases of the nearest LexA operator. No orientation preference was observed and no obvious sequence consensus defined the insertion sites. The insertions that clustered near the leftmost LexA operator (as depicted in Fig. 4B ) displayed a regular periodicity of Ϸ10-12 bp, suggesting that they occurred on the same face of the DNA helix. For 18 of the 26 insertions, DNA sequences were obtained from both ends of the element, and all 18 were flanked by five-base target site duplications.
The narrow integration window next to the LexA operators contrasts with the integration pattern observed for chromosomal Ty5 insertions, which typically occur within a 3 kb window flanking the HM silencers or the subtelomeric X repeats (12, 13) . The tethered Ty5 integration patterns more closely resemble those of Ty3, which occur within 1-2 bases upstream of genes transcribed by RNA Pol III (5). Ty3 integration specificity TFIIIB (9) , and like LexA-SIR4C, TFIIIB occupies a welldefined chromosomal site. Collectively, these targeting patterns suggest that the precision of integration is determined primarily by the physical location of the protein or protein complex recognized by the integration machinery.
Retroviral vectors are widely used for gene delivery in gene therapy, in part because viral integration generates stable, defined, chromosomal insertions (32) . The randomness of retroviral integration, however, is potentially hazardous and could have deleterious genetic effects, e.g., by creating loss-of-function mutations or by activating oncogenes. A previous approach to control retroviral integration has been to fuse sequence-specific DNA-binding domains to retroviral INs (33) (34) (35) (36) . This approach has proven effective in in vitro integration assays, but because the IN modifications often compromise viral replication, this approach has not been successfully used in vivo. The findings described here suggest an alternative approach for controlling retroviral integration, wherein retroviral INs are modified to carry small peptide aptamers that recognize proteins bound to chromosomal target sites. In addition, the results have relevance for understanding eukaryotic genome organization. The successful proliferation of retrotransposons is thought to be due to their ability to identify safe havens in the genome where integration is not harmful to their hosts (3, 4) . The widespread association of eukaryotic retrotransposons with heterochromatin suggests that these gene-poor domains are one such safehaven (3) . If the strategy of Ty5 for selecting integration sites is used by other retrotransposons, then targeted integration may have significantly shaped eukaryotic genome organization. and Ty5-NpwBP integrate at sites of tethered FHA1 and Npw38, respectively. For Ty5-Rad9p, the TD of Ty5 was replaced with a peptide motif of Rad9p that interacts with the FHA1 domain of Rad53p (24). Similarly for Ty5-NpwBP, the TD was replaced with a proline-rich motif of NpwBP that interacts with Npw38 (25) . Targeting was measured to sites of tethered LexA-FHA1 and LexA-Npw38 and requires both the LexA operators and LexA fusion proteins. (B) Precision of integration to sites of tethered proteins. Ty5 insertions (26) generated by both WT and modified Ty5 elements were characterized by DNA sequencing. The insertions occurred within 120 bases of the LexA operators in the target plasmid. Ty5 insertions on the top strand are oriented 5Ј-3Ј; insertions in the bottom strand are in the opposite orientation. (C) DNA sequence of 14 insertion sites adjacent to the leftmost LexA operator depicted in B. The sequence of the LexA operator is enclosed by an arrowhead. Target sites are boxed, and numbers adjacent to a given box denote the number of independent insertions that occurred at that site.
